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ABSTRACT
Understanding interactions between nanoparticles and biological systems is fundamental
for the development of emerging nano-biotechnology applications. In this thesis, I present an
investigation of zinc oxide (ZnO) nanoparticles interactions with biomolecules in two separate
studies. The first section of my thesis covers tracking and detection of ZnO nanoparticles using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). ZinkicideTM is a
bactericidal ZnO nanoparticle which has been developed for agriculture. The characterization of
Zinkicide in biological media and in solution has been difficult due to its high dispersibility and
ultra-small size. SDS-PAGE is considered a golden standard for protein qualitative interpretations.
In this study, we have modified this typical protein assay and developed protocols for quantifying
Zinkicide concentration, fluorescence intensity, and relative molecular weight changes in aqueous
solutions. We found that SDS-PAGE is a novel and fundamental approach for assessing ZnO
nanoparticles.
The second part of my thesis is focused on investigating biological toxicity induced by
nanoparticles. Recent studies have shown that nanoparticles have the capabilities to induce
abnormalities on cellular networks including actin cytoskeleton. We have studied the effects of
ZnO nanoparticles on filamentous actin assembly dynamics utilizing total internal reflection
fluorescence (TIRF) microscopy imaging and biophysical analysis. The combination of these
studies has provided pertinent information for the future development of nanoparticles designed
for biological applications.
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CHAPTER ONE: INTRODUCTION
Chapter one describes information about the concepts, methodologies, and interpretations
regarded in this thesis. The first sections of the chapter will cover general background about
nanoparticles, nanoparticles specifically designed for agriculture, the challenges of characterizing
ultra-small zinc oxide (ZnO) nanoparticles, and the use of a modified sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) assay for tracking and detection of bactericidal
nanoparticles. The second components of the chapter will cover general information on
nanotoxicity, induced cytotoxicity via nanoparticle treatments, and the interactions of ZnO
nanoparticles with actin filaments.
1.1 The Fundamentals for Quantifying ZnO Nanoparticles
1.1.1 Nanoparticles
Nanoparticles are chemical compounds that have illustrious characteristics. The benefits
of nanoparticles and nanotechnology in general have been well established in previous studies
(López-Serrano, 2014). Modifications of materials derived for medical, industrial, and consumer
products have greatly enhanced from the implementation of nanomaterials. Specifically,
nanoparticles are an incredible candidate for replacing bulk materials for a wide array of
applications (Mukhopadhyay, 2014). Their bespoke characteristics such as semiconductor
properties, optical properties, and physio-chemical properties deem them highly efficient at
improving efficacies for numerous cases (López-Serrano, 2014). These implications include solar
cell materials, display technologies, cosmetic formulations, clothing additives, novel drug
developments, biomedical applications, and agricultural biocides (Cho et al., 2013). Studies have
shown that the addition of nanoparticles for the described applications can increase the delivery
1

kinetics of the same active ingredients as bulk counterparts with higher rates of efficiency and
efficacy (Mukhopadhyay, 2014).
Nanoparticles are formulated by chemical engineers via synthesis methods and can be
designed specifically for an intended task. Spherical nanoparticles have been used in a variety of
applications such as organic and inorganic treatments, commercial grade products, and consumer
products for decades (López-Serrano, 2014). ZnO nanoparticles have gained recognition as of late
largely due to their high biocompatibility and antimicrobial tendencies (Sabir, Arshad, &
Chaudhari, 2014). Supplementing nano formulations to replace bulk materials can profoundly
increase the economic feasibility of companies administering or manufacturing products (Figure
1) (Fraceto et al., 2016).
An important field where nanotechnology has set hold is in agricultural practices. The
overall benefit and use of nanomaterials for agriculture applications is to improve plant uptake of
nutrients, enhance crop yields, and to ward off plant diseases or pests (Wang, Lombi, Zhao, &
Kopittke, 2016; Zuverza-Mena et al., 2017). The true goal for agriculturists and scientists
developing plant treatment products is to package a product which can encompass all these
demands. The concept for developing multifunctional products is promoted by the use of
nanomaterials. This feat is accomplished by packaging multiple active ingredients for several jobs
at hand into a singular nano sized product. The characteristics of nanoparticles which deem them
more effective than bulk counter parts include high surface area to volume ratios, increased ion
exchange, elevated ion absorption, band gap tunability, and adaptable surface chemistry (Medintz,
Uyeda, Goldman, & Mattoussi, 2005). Manipulating these characteristics through chemical
engineering can trigger a variety of increased responses at the host site. (Ghormade, Deshpande,
& Paknikar, 2011). One of the primary benefits of nanoparticle designs is the ability to modulate
2

drug delivery for multifunctional treatment methods (Medintz et al., 2005). The high surface area
to volume ratios for nanointerfaces distributes higher proportions of atoms to the surfaces of the
materials which can increase the packaging rate of the active ingredients (Mukhopadhyay, 2014).
The loading of drugs, nutrients, and bioactive materials into nanovesicles is advantageous for
increasing production outputs and improving efficiency of a product (Wang et al., 2016).
1.1.2 Bactericidal Nanoparticles Designed for Sustainable Agriculture
The economy of Florida is substantially driven by the citrus industry. From 2016-2017, 78
million boxes of citrus were cultivated in Florida and sold worldwide (Young et al., 2017). 780
million dollars of product was sold in 2016-2017 compared to 1.2 billion dollars sold in 2013-2014
(Young et al., 2017). This predominant decrease of yield was largely triggered by the presence of
Huanglonbing (HLB) infected crops throughout the state. The rapid expansion of citrus greening
amongst all Florida citrus counties has greatly dampened the economic output of the industry
which in turn has brought drastic impacts to the US agriculture index as a whole (J. H. Graham et
al., 2016; James H. Graham, 2008; Young et al., 2017; Zhang et al., 2014). The US agriculture
sector is not alone in the decimation of citrus production. The decline of citrus has been attributed
to the evolution of HLB and the persistence of the bacterial progression around the world where
the first reports date back to 1919 in China (Zhang et al., 2014). The disease made its way to the
states in the early 2000’s following the severe outbreaks in Brazil which is where US citrus
greening is hypothesized to have manifested. The agricultural community has tasked the scientific
society with development of novel tools to combat this detrimental disease which has transitioned
to a top priority for the USDA within the past decade.
Nano formulations of bactericides have been selected and proven to enhance the outputs
of citrus groves and has great potential for supplementing a boost to the Florida economy (J. H.
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Graham et al., 2016; James H. Graham, 2008; Young et al., 2017; Zhang et al., 2014). The
engineering of nanomaterials can be designed to meet the demands of the growers encountering
detrimental diseases such as HLB. Engineered nanomaterials can be fabricated in a variety of
nanoparticle forms to carry a specific cargo for crop treatment (Figure 2) (Wang et al., 2016).
Following synthesis and designing the nanocarrier, the vesicle can be used to release on demand
via slow release mechanics, induce target specific delivery, and/or provide in vivo labeling and
imaging at the host site (Figure 2) (Wang et al., 2016). Bactericides are chemicals which
antagonize and kill bacterial species at the site of infected targets (Gonzalez-Lamothe et al., 2009;
Raliya, Nair, Chavalmane, Wang, & Biswas, 2015; Reddy Pullagurala et al., 2018). Bactericidal
treatment plans for fruit bearing crops date back to the mid 1900’s where copper bactericides were
used to treat infected crops during pear and apple blight occurrences worldwide (McManus,
Stockwell, Sundin, & Jones, 2002). Bactericidal copper formulations are widely accepted in the
agricultural community and have produced great success in crop management tactics. However,
modern reports have shed light on the issues of prolonged administration of copper biocides which
have led to environmental impacts and an overall reduction in crop yields (J. H. Graham et al.,
2016). Each year, farmers have continued to dump copper biocides and fertilizers in the field to
potentially suffice the lack of efficacy of the copper treatments. The ramping up of copper
applications has not only induced wide environmental impacts such as polluting soils and the
surrounding ecosystems, yet the rate of phytotoxicity (crop burn) has increased from over use of
the copper applications (Cole, Smith, Penn, Cheary, & Conaghan, 2016; Giroto, Guimaraes,
Foschini, & Ribeiro, 2017; James H. Graham, 2008). Studies have also shown that plants and
bacterial microorganisms have gained an acquired resistance to copper chemicals due to the
abundance of copper in their habitats which has coincided with the reduction of efficacy for copper
4

bactericides (Gonzalez-Lamothe et al., 2009). The development and detection of new formulas
which are based on the ability to deliver the active components at an effective and efficient rate,
be biocompatible, nontoxic, and environmentally sustainable are the primary goals of our
collaborative effort for combatting citrus greening.
1.1.3 ZinkicideTM
Nanoparticles are not new to the agriculture sector and several nanoparticle formulas have
been implemented for crop management. These include copper, magnesium, titanium, silver, gold,
and zinc-based nanoparticles. Zinc oxide nanoparticles are beneficial for a variety of agriculture
applications (J. H. Graham et al., 2016; Rajput et al., 2018; Reddy Pullagurala et al., 2018; Sabir
et al., 2014). Several groups have reported on the development of ZnO materials as an alternative
to conventional crop spray tactics (J. H. Graham et al., 2016; Young et al., 2017). Nano-ZnO is an
considered optimal for crop treatments because with its small packaging, it has the ability to
penetrate the phloem where a variety of systemic diseases take homage including HLB (Servin et
al., 2015; Young et al., 2017). ZnO nanoparticles exhibit bespoke characteristics such as
antimicrobial, bactericidal, and micronutrient qualities which deem these materials multifunctional
(Sabir et al., 2014). ZinkicideTM is a ZnO bactericidal nanoparticle designed for agriculture and
specifically for the treatment of the systemically active HLB crop disease (J. H. Graham et al.,
2016). The preliminary reagent grade materials produced great outputs and enhanced the viability
of the disease-ridden citrus crops (J. H. Graham et al., 2016). Recently, Zinkicide has transitioned
from a reagent grade material to an adapted nano-formula to supplement the demands for
commercial farming. The characterization and screening of the new formula is important for
commercial distribution of Zinkicide.
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1.1.4 Challenges with Zinkicide Characterization
The characterization and tracking of Zinkicide has been an arduous task for plant and
material scientists alike. Due to Zinkicide’s small size and high dispersibility in solution,
traditional nanoparticle measurement tools such as dynamic light scattering (DLS) (Lim, Yeap,
Che, & Low, 2013; Lu, Wu, Li, & Chen, 2011; Murdock, Braydich-Stolle, Schrand, Schlager, &
Hussain, 2008; Odzak, Kistler, & Sigg, 2017), Ultraviolet-visible spectroscopy (UV-vis) (Bindhu,
Sathe, & Umadevi, 2013; Desai, Mankad, Gupta, & Jha, 2012), and inductively coupled plasma
mass spectrometry (ICP-MS) (Helfrich, Brüchert, & Bettmer, 2006; Soldati & Schliwa, 2006)
conclusively classed Zinkicide as virtually undetectable. These analytical tools are accurate for
other metallic nanoparticles; however, they have not been optimal for Zinkicide characterization.
Prior to our study, the only technology applicable for resolving Zinkicide was high resolution
transmission electron microscopy (HR-TEM) imaging. HR-TEM alone is not considered sufficient
for total characterization and interpretation of nanoparticles (Cho et al., 2013; López-Serrano,
2014; Mourdikoudis, Pallares, & Thanh, 2018; Reddy Pullagurala et al., 2018). Moreover, it must
be merged with complementary characterization tools such as DLS to develop an interpretation of
the molecular and structural interactions of the material. This issue was the motivation for
investigating alternative characterization methods for Zinkicide.
1.1.5 SDS-PAGE for Nanoparticle Detection and Characterization
Nanoparticles have minimally been investigated using gel electrophoresis (Hanauer,
Pierrat, Zins, Lotz, & Sonnichsen, 2007; Krizkova et al., 2015; Robertson et al., 2016).
Traditionally, agarose gel electrophoresis has been used for separation and purification of
nanoparticles, yet measurements similar to protein studies have rarely been conducted (Hanauer
et al., 2007). Krizkova et al have reported on the effective capacity to qualitatively measure
6

nanoparticles using agarose gel electrophoresis and sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), however they used the assay to separate different sized
nanoparticles similar to traditional purification applications (Figure 3) (Krizkova et al., 2015).
They used these findings as a qualitative interpretation and developed their quantitative analysis
using DLS and zeta potential measurements (Krizkova et al., 2015). Our study has implemented
SDS-PAGE to provide quantitative measurements of Zinkicide using UV imaging of SDS-PAGE
gels loaded with Zinkicide. This is a novel methodology which could provide an alternative
method of nanoparticle characterization in physiological conditions in a cost-effective approach.
1.2 Nanoparticle Interactions with Biological Systems
The evolution of nanoparticles has prompted the scientific community, regulatory
agencies, and the public to seek information and awareness about possible toxicity of engineered
nanomaterials (Paszek et al., 2012; Pati, Das, Mehta, Sahu, & Sonawane, 2016; Singh, 2019).
Humans can suffer from exposure by nanoparticles during manufacturing, handling,
administering, or through the use of consumer products such as cosmetics. (Figure 4) (Singh,
2019). Specifically, nanoparticles less than 100 nm have the ability to surpass the endothelial
semipermeable membrane between tissues and blood streams which promotes circulation of
nanoparticles to targeted organs (Singh, 2019). The circulation of engineered nanomaterials can
cause of toxicity of organs and induce future illnesses in humans (Scherzad, Meyer, Kleinsasser,
& Hackenberg, 2017). The vital organs targeted by nanomaterial uptake include the human brain,
lungs, liver, kidney, liver, spleen, and bone (Figure 4) (Singh, 2019). The composition and
exposure to ultra-small nanoparticles can induce these toxicity issues which is predominately
subjected to the dissolution of nanoparticle active components during phagocytosis and digestion
by cells (Panariti, Miserocchi, & Rivolta, 2012). This type of toxicity is coined cytotoxicity which
7

can lead to cytoskeletal disturbances and remodeling of the cellular architecture during exposure
to nanomaterials (Scherzad et al., 2017).
Several nanoparticle classes in particular are considered highly toxic to cell lines and
humans such as cadmium-based nanoparticles (Cho et al., 2013). The awareness about these
toxicity issues birthed the methodology and discovery of safer materials which minimize human
toxicity (Hasirci, 2018). Zinc oxide (ZnO) nanoparticles have been synthesized and supplemented
to minimize toxicity issues seen with other heavy metal nanoparticles (Sabir et al., 2014). ZnO
nanoparticles are considered as generally recognized as safe (GRAS) by the FDA (Young et al.,
2017). ZnO nanoparticles have illustrious properties such as antimicrobial, antibacterial, and
biodegradable tendencies (Sabir et al., 2014). Moreover, these nano-formulations have been used
for agricultural treatments which provide multifunctional qualities such as drug delivery, disease
treatment, micronutrient delivery, and bactericidal efficacies (Rajput et al., 2018). Recently the
regulatory agencies which screen nanomaterials for commercial regulation have become
increasingly worried about the short term and long-term effects of human exposure to products
(Figure 4) (Singh, 2019). Due to a lack of knowledge of the toxicity of these materials, the
scientific community has been urged with the task to develop studies focused on the interactions
of nanomaterials and biological systems (Panariti et al., 2012).
A variety of cell studies have been implemented for studying the effects of nanoparticle
treatments on cell lines in vitro (Garcia-Hevia et al., 2016). Cells are composed of cytoskeletal
proteins such as microtubules and actin filaments which are highly abundant and conserved across
all biological species (Pollard, 2016). The treatment of nanoparticles on selected cell lines can
induce the uptake of the nanoparticles by the cells. These events lead to the digestion and
breakdown of the active components which comprise nanoparticles and induce a dissolution of
8

ions intracellularly (Misra, Dybowska, Berhanu, Luoma, & Valsami-Jones, 2012). Specifically,
the dissolution of ZnO nanoparticles into zinc ions (Zn2+) have been suggested to lead to actin
filament bundling and macrotube assembly of cytoskeletal proteins (Figure 5) (Garcia-Hevia et
al., 2016). The abnormal effects from zinc ion dissolution has been found to create cellular disarray
and even drastic cases of cellular necrosis (Garcia-Hevia et al., 2016). Moreover, cellular and
molecular studies are critical for assessing the effects of nanoparticle toxicity on biological
organisms.
A key component for establishing nanotoxicity interpretations is assessing the effects of
cytoskeleton interactions with nanomaterials (Panariti et al., 2012). Actin is the essential
cytoskeletal protein involved with a surplus of biological processes in cells (Blanchoin, BoujemaaPaterski, Sykes, & Plastino, 2014). By studying the changes in filament stability at the molecular
level, investigators can determine concentration and time dependent induced toxicity. Fluorescent
microscopy and imaging can collectively provide information regarding the interactions of
nanoparticles with cytoskeletal systems (Burlacu, Janmey, & Borejdo, 1992; Colin, Bonnemay,
Gayrard, Gautier, & Gueroui, 2016).
1.3 Motivation
The motivation of tracking and detection of nanoparticles was to provide modern protocols
and methodologies for quantitatively assessing ZnO nanoparticles. We hypothesize that Zinkicide
tracking and detection will be viable using UV fluorescent gel imaging and analysis of
polyacrylamide gels loaded with Zinkicide nanoparticles. We propose that Zinkicide could be
imaged and quantified for concentration, fluorescence intensity, and relative molecular weight
changes in aqueous solutions.

9

The motivation behind biological interactions with nanoparticles is to provide insight and
develop and understanding of the effects of ZnO nanoparticles and the molecular dynamics of
filamentous actin networks. This information is important for promoting the acceptance of
nanomaterials for industrial, commercial, and consumer products. Molecular studies based on
nanotoxicity are lacking in the scientific community. We hypothesize that actin filaments would
be subject to shortening and morphological changes upon the incorporation of ZnO nanoparticles.
We hope that this work will help with the future developments of nanotechnology and to inform
the public that the use of nanomaterials could be harmful for humans and certain precautions must
be taken into account.

10

Figure 1. Agriculture and nanotechnology. (a) The combination of agriculture with
nanotechnology can increase productivity, (b) improve the quality of the soil, (c) stimulate plant
growth, (d) provide smart monitoring. Using all of these nanotechnology advancements can help
boost agricultural efficiencies and revenue streams (Fraceto et al., 2016).
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Figure 2. Engineered nanomaterials for crop management. (a) Nanocarriers can be in the form of
a variety of engineered nanoparticles such as silica nanoparticles, carbon nanotubes, gold
nanoparticles, and quantum dots. (b) The nanovesicles can be loaded with active compounds for
crop management. (c) The loaded nanocarriers can be delivered to crops with release on demand
features, (d) target specific delivery, (e) and for in vivo labeling and imaging. Nanovesicles for
agriculture can be engineered with this array of specificity for crop management (Wang et al.,
2016).
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Figure 3. Tracking nanoparticle hydrodynamic diameter separation with SDS-PAGE. Krizkova et
al. conducted this study on measuring the hydrodynamic diameter distribution of different sized
nanoparticles with SDS-PAGE. The larger nanoparticles represented the red fluorescence and the
smaller nanoparticles represented the green blue emissions in the gels. They interpreted the
nanoparticle migration distances and pixel correlations using standard gel analytics with Image J
software. They used these findings together with DLS measurements to conclusively define the
variations of hydrodynamic diameters of the nanoparticles (Krizkova et al., 2015).
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Figure 4. ZnO nanoparticle exposure routes in humans. ZnO nanoparticles can lead to toxicity by
entering the human body through three primary entry routes. These entry routes include inhalation,
skin absorption, and/or ingestion of the nanoparticles. Humans are exposed to nanoparticles during
manufacturing, handling, administering, or through the use of consumer products such as
cosmetics. Ultra-small nanoparticles less than 10 nm have the ability to surpass the endothelial
membranes and travel through blood vessel to vital organs in the body. The primary organs which
have targeted risk of toxicity are the brain, lungs, kidney, liver, spleen, and bone structures. High
levels of exposure to ZnO nanoparticles and accumulation of nanoparticles in the vital organs can
lead to acute or prolonged illness and disease (Singh, 2019).
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Figure 5. Effects of the dissolution of ZnO nanoparticles in cells. ZnO nanoparticles can be
endocytosed into cells with intracellular lysosomes. The nanoparticles will react with free
hydrogen ions and will create a dissolution of zinc ions inside the cells. High levels of intracellular
zinc can induce the formation of actin bundling and tubulin macrotubes. Cytoskeleton structural
abnormalities can lead to cytotoxicity (Garcia-Hevia et al., 2016).
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CHAPTER TWO: TRACKING AND DETECTION OF BACTERICIDAL
NANOPARTICLES WITH SDS-PAGE
2.1 Introduction
The increased potential and awareness of nanomaterials deemed for agricultural endeavors
has motivated the scientific community to provide analytics for measurements and tracking of
engineered nanomaterials (Wang et al., 2016). To supplement the future progression of
nanomaterials in industrial, commercial, biomedical, and consumer practices; these materials must
be studied at the laboratory scale to suffice the demand for scaling up products for worldwide
distribution. Analytical interpretation for nanomaterials typically includes conventional
characterization techniques such as DLS, UV-vis, electron microscopy, photoluminescence
studies, and bio-interface methodologies (Mourdikoudis et al., 2018). These applications have
produced great success for several nanomaterials such as carbon nanotubes, gold nanoparticles,
two-dimensional materials (e.g. graphene) (Mourdikoudis et al., 2018). However, some specific
nanomaterials, such as small ZnO nanoparticles (less than 100 nm), are subject to faulty or
inaccurate measurements with these conventional devices. The size, shape, charge, and chemical
makeup of nanomaterials are the primary factors which induce a lack of attainable information
using traditional protocols and methodologies (Mourdikoudis et al., 2018). Some of these devices
are also considered economically unfeasible because purchasing devices, running the devices,
maintaining the devices, and the time required to obtain characterization information is relatively
unaffordable for a hefty portion of the scientific community. The characterization of several
specific nanoparticles is not considered optimal with these traditional methods and tools.
ZnO nanoparticles are attractive for modern chemical engineering and product
development due to their antimicrobial, bactericidal, and biocompatible features. Measurements
16

for bulk ZnO and large ZnO nanoparticles (greater than 100 nm) are available with the methods
described prior. Specifically, ultra-small ZnO nanoparticles (less than 10 nm) exhibit issues with
tracking and detection. Due to the small size and unique electrochemical properties at the lower
end of the nanoscale, ultra-small ZnO characterization is difficult. Researchers must develop
modern and affordable techniques for providing information on these types of nanomaterials.
ZinkicideTM is a ZnO nanoparticle commercial grade agricultural biocide (J. H. Graham et al.,
2016). Investigators working with the material have encountered issues with characterization of
the nanoparticle. The nanoparticle was designed to treat a variety of crop diseases and has shown
incredible results in the reagent grade studies prior to scaling up for commercial distribution (J. H.
Graham et al., 2016). Following the scaling up process, a great deal of characterization and
Zinkicide monitoring was unavailable due to the new commercial grade formulated product.
Providing novel tools for assessing Zinkicide at the molecular level are essential for the acceptance
of this unique agricultural biocide.
In this study, we present a new method for detecting and quantifying Zinkicide
nanoparticles using SDS-PAGE and UV fluorescent imaging analysis. We measured timedependent fluorescence intensity of Zinkicide dispersed in aqueous solution. Quantitative analysis
of Zinkicide in polyacrylamide gels allowed us to track its relative molecular weight changes in
water and citric acid buffer over time. Our results could help with understanding the effects of
Zinkicide exposure when dispersed in solution which is how the spray formulation would be
diluted and administered commercially.
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2.2 Materials and Methods
2.2.1 Nanoparticle Materials
ZinkicideTM, ZnO nanoparticle based antimicrobial agent retaining 4.5% metallic Zn
(wt/wt) designed to combat citrus greening disease in plants, was provided by TradeMark Nitrogen
(Tampa, FL) (Rawal et al., 2019; Santra, 2015). The material was studied and characterized as
received without further purification.
2.2.2 HR-TEM Imaging
The sample for HR-TEM measurements were prepared according to a published protocol
with minor revisions (Ghosh et al., 2018; Rawal et al., 2019). 100 µL of ZinkicideTM solution was
placed in a glass vial and diluted via DI water to 250 µg Zn/mL concentration. The diluted solution
was sonicated for 30 minutes using ultra-sonicator (Elmasonic S 30 H). Following sonication, 10
µL of the solution was drop-casted on an ultra-thin TEM grid (Electron Microscopy Sciences,
CF300-AU-UL) and air-dried for 3 hours. The measurements were carried out via an FEI Tecnai
F30 TEM instrument(Rawal et al., 2019).
2.2.3 Zinkicide Fluorescence Intensity Measurements on Glass Slides
Zinkicide was diluted to 1000 ppm in water and citric acid buffer in separate 0.6 ml
microcentrifuge tubes. Two glass slides were rinsed with 70 % ethanol, water, and dried with
KimWipes. 20 µl of Zinkicide sample diluted with water was loaded onto the first slide and 20 µl
of Zinkicide sample diluted with citric acid buffer was loaded onto the second slide. The slides
were placed in the Bio-Rad ChemiDoc XRS+ and captured using UV preset in Bio-Rad Image
Lab Software. The identical slides were placed on the UV-Transilluminator and images were
captured with a smart phone camera.
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2.2.4 SDS-PAGE Gel Preparation
Bio-Rad Mini-PROTEAN Tetrad glass/short plates were used for hand casting 8.3 cm x
7.3 cm SDS-PAGE gels (Bio-Rad, USA). The resolving gel acrylamide concentration was 15%
which was poured first in the casting apparatus. The acrylamide stock solution used was 40%
37.5:1 Acrylamide-Bis-solution (Bio-Rad, USA). The SDS-PAGE gel solutions were prepared in
a 50 mL conical tube at STP. The 15% (m/V) acrylamide resolving gel consisted of: 0.39 % (m/V)
acrylamide-bis, 0.1% (m/V) ammonium persulfate, 0.002 % (m/V) TEMED, 0.1% (m/V) SDS,
0.375M 4x Lower Tris Buffer (pH 8.8), and 35% ddH2O. The resolving gel was poured into the
casting device and topped off with Acros Organics absolute ethyl alcohol (200 proof, 99.5%) to
eliminate bubble formation in the resolving gel. The resolving gel polymerized on the benchtop
for 1 hour. Following resolving gel polymerization, the absolute ethanol was extracted with
KimWipes using capillary action. The 6% stacking gel was prepared in a fresh 50 mL conical tube
and consisted of: 0.078 % (m/V) acrylamide-bis, 0.05 % (m/V) ammonium persulfate, 0.001 %
(m/V) TEMED, 0.05 % (m/V) SDS, 0.0625M 4x Lower Tris Buffer (pH 6.8), and 58% ddH2O.
Bio-Rad Mini-PROTEAN 15 well combs were used following depositing stacking gel components
into the device. The polymerization of the stacking gel was performed at STP for 1 hour on the
benchtop. Gels were stored in damp paper towels, wrapped in cellophane, and place in a 4ºC
refrigerator with an expiration date of 30 days.
2.2.5 Nanoparticle Preparation and Loading in SDS-PAGE
20 µL of the nanoparticle samples were aliquoted into labeled 0.6 mL test tubes and
vortexed. 2.5 µL of 4x Laemmli Sample Buffer Dye [25 % 1M Tris-HCl (pH 6.8), 8 % (m/V)
bromophenol blue (0.1 % stock), 20 % (m/V) 14.3M B-mercaptoethanol, 40 % (m/V) glycerol
(100 % stock), 5% ddH2O, and 1 gram of SDS pellet]. For gel orientation only (not used for
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molecular weight quantification) 10 µL of “Bio-Rad Precision Plus Protein All Blue Standard”
was loaded into the first lane of the 15 well gels. The electrophoresis unit used for the
experimentation was the Fisher Scientific FB 1000 electrical device. The device was run at 150
volts, 500 mA, for 50 minutes in 500 mL of Tris-glycine Electrode Buffer (5.0 mL 10 % SDS, 125
mL of 4x Tris-Glycine Reservoir Buffer, and 370 mL of ddH2O). Following electrophoresis, the
gels were excised from the glass plates and stored in Rainin gel box containers with ddH2O to
prevent drying out.
2.2.6 Zinkicide Concentration Observations
The nanoparticles were stored in 50 mL conical tubes wrapped in aluminum foil on the
benchtop. The nanoparticles were vortexed for 1 minute and shaken vigorously in the stock 50 mL
conical tubes to disperse the nanoparticle solutions. The Zinkicide samples were serially diluted
two-fold and dispensed into labelled microcentrifuge tubes. The diluted samples were loaded into
the gels and imaged for the concentration and intensity dependent measurements. All images were
captured by Bio-Rad Chemidoc XRS+. We were able to generate 2D images obtained from the
imaging device and rendered 3D images using the Bio-Rad Image Lab software. Image analysis
was conducted with Bio-Rad Image Lab software.
2.2.7 Relative Molecular Weight Tracking
The nanoparticles were stored in 50 mL conical tubes wrapped in aluminum foil on the
benchtop prior to time dependent incubation. Prior to sample preparation, the nanoparticle
solutions were vigorously shaken and vortexed with Fisher Scientific Digital Vortex Mixer for 1
minute. The samples and aqueous media were measured using Eppendorf and Rainin
micropipettes. Two separate media were selected for the experiments, ddH2O and citric acid buffer
pH 3.0 (stored in 4º C refrigerator). The ddH2O was obtained from a Thermo Scientific Barnstead
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Smart2Pure water purifier. The citrate buffer was prepared using 1M sodium citrate dihydrate
(obtained from Fisher Scientific) and diluted to 0.1% in ddH2O. The citrate buffer was equilibrated
to pH 3.0 by addition of 1M HCl. 0.1% Citrate buffer was stored in 4ºC refrigerator. The aqueous
solutions were added to labelled 15 ml conical tubes prior to Zinkicide loading into the conical
tubes. The nanoparticles were loaded into the buffer contained conical tubes and the dilution for
all molecular weight studies equated concentrations of 1000 ppm. The samples were incubated on
a test tube rocker at STP for the specific time intervals prior to gel loading. The control sample
was measured and diluted at 0-hour prior to loading all the time dependent samples into the SDSPAGE gels. The samples were loaded into the gels with skipping lanes after each sample to suffice
the intense fluorescence emissions of the nanoparticles. For the gel samples, it was necessary to
image the results the same day to prevent photobleaching and loss of fluorescence intensity. The
relative molecular weight changes were tracked following UV SDS-PAGE gel imaging using gel
analysis protocols in Bio-Rad Image Lab Software.
2.2.8 UV SDS-PAGE Gel Imaging and Analysis
Samples were imaged with the Bio-Rad Chemidoc XRS+ which uses mercury UVB lamps
which excited samples at 302 nm. The device was connected to a computer which utilized BioRad Image Lab software for image acquisition, processing, parameter selection, and
measurements. A discriminatory bandpass filter was used in front of the camera which blocked
the bulb emissions. The sample objective material was glass which was designed in a slide out
drawer at the bottom of the device. Minimal amounts of ddH2O were dispensed on the objective
prior to placing gels on the device to prevent drying of the gel. Once gels were placed into the
device, the Image Lab software was loaded and the preset parameter (UV) was selected for the
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imaging procedure. The gels were aligned using the digital alignment grid in the software and by
manually positioning the gels into proper alignment. The images were captured using the imaging
device and saved as .scn files for future analysis with the same software. Secondary image files
were saved as .tiff for image documentation.
The gel image analysis was conducted with Image Lab software obtained from Bio-Rad.
The software enables precise measurements of molecular weight, relative mobility (Rf), adjusted
volume (intensity), and quantity tools for relative and absolute sample volume correlation. For
molecular weight studies, a variety of preset standards were available as defaults from the program.
These markers such as Bio-Rad Precision Plus Protein All Blue Standard were found to be obsolete
for our experimental setup. The nanoparticles used in this experiment were found to exhibit
molecular weights less than 10 kDa which is the lowest molecular weight band utilized for
traditional protein weight interpretation. Typically, the software uses the molecular weight
standards as a reference for pixel correlation of the samples contained in individual lanes (Krizkova
et al., 2015). The bands of the markers are used to quantitate the molecular weights of the samples
relative to the preset default molecular weight standards. These are based on pixel allocation
similar to Image J Gel Tools (Krizkova et al., 2015). For our experiment, a custom digital marker
was engineered and designed to measure the samples molecular weights from 0% to 100%. This
custom setting was produced using the Image Lab software which enables users to create custom
mappings for their molecular weight standards. This setting was used to track the relative
molecular weight changes of the samples over time when incubated in pH dependent media. This
marker used two reference points one at the bottom of the gel and one at the top of the gel. The
bottom marker was selected as a band manually and recorded to represent 0%. The top of the gel
was inputted to represent 100% in the same manner. The selected marker bands were adjusted
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using the digital band manipulation tools in the software to maximize the coverage of the bottom
and top bands in the custom marker system. These markers were placed in three positions across
the gel to sustain detection integrity and precision. The values of relative molecular weights were
recorded in the software and the percent decrease was calculated by using the baseline (0 hr)
control sample’s molecular weight in relation to the time extended samples. The individual
molecular weights of each condition were divided by the control values and the percentage
decrease of weights were obtained and calculated with this protocol. The quantified values were
detected and measured directly from the imaging software and integrated into excel workbooks
for data table generation.
2.3 Results and Discussion
2.3.1 Zinkicide Concentration Measurements and Detection
The size distribution of Zinkicide was characterized using High Resolution Transmission
Electron Microscopy (HR-TEM). This measurement allowed the investigators to determine the
crystallinity, shape and average size of the Zinkicide nanoparticles (Figure 6). The nanoparticles
expressed spherical morphologies. The size distribution of Zinkicide was found to exhibit an
average size of 4 nm which classified Zinkicide as an ultra-small nanoparticle.
The detection of Zinkicide was performed using polyacrylamide gel (15%) electrophoresis
and UV imaging of gels loaded with Zinkicide nanoparticles diluted in water at zero hour with
varying concentrations (Figure 7 and Table 1). The gels were used as a scaffold to detect the
changes of concentrations following serial dilutions of the Zinkicide materials. Figure 7a exhibits
the 2D gel image which was captured with the ChemiDoc XRS+. From the image, the highest
intensity was recorded in lane 7 and the lowest intensity was measured at lane 1. Clearly there was
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a distinction between the intensities of the sample with variable concentration conditions. Figure
7b depicts the 3D rendering of the gel captured with the gel imaging device which was orientated
into a 3D array with Bio-Rad Image Lab software. The 3D rendering made the intensity profile
changes easier to observe. Analysis of the UV images of the gels allowed us to quantify Zinkicide
concentration-dependent fluorescence intensities (Figure 7c). We were able to quantify the
Zinkicide concentration and intensities ranging from 445 ppm to 28,500 ppm. The intensity
changes were linearly proportional to the concentrations loaded in the polyacrylamide gels.
2.3.2 Intensity Tracking of Zinkicide
The detection of Zinkicide fluorescence intensity was performed using Zinkicide diluted
to 1000 ppm in water and citric acid buffer loaded on glass slides (Figure 8). The slides were
imaged for fluorescence intensity observations using the ChemiDoc XRS+ and the UVTransilluminator. These observations allowed the investigators to determine that fluorescence
intensity measurements were attainable using UV light excitations.
The intensity tracking of Zinkicide in solution was conducted using polyacrylamide gel
(15%) electrophoresis and imaging of SDS-PAGE gels (Figure 9 and Table 2). Zinkicide was
diluted in deionized water to 1000 ppm and incubated at varied incubation time points. The time
conditions ranged from 10 days to 16 days. Previous plant efficacy studies have prompted this
management plan which was the basis of our selected time points (J. H. Graham et al., 2016; Young
et al., 2017). The samples were loaded into the SDS-PAGE gels at constant loading conditions and
run with our electrophoresis protocol. The 2D and 3D gel images were captured, analyzed, and
quantitated for intensity changes upon aging Zinkicide in aqueous solution (Figure 9).
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Fluctuations of fluorescence intensities were also observed in the 2D and 3D images where
the noticeable low point of intensity was emitted at the 13-day incubation and the highest intensity
at 15-day samples (Figure 9a and Figure 9b). The correlation of the gel images and the quantified
intensity changes (Figure 9c) provided evidence that time dependent imaging and tracking of
Zinkicide in tandem with SDS-PAGE were viable. To provide further evidence of tracking
fluorescence intensity changes of Zinkicide with gel electrophoresis, another device was adapted
for our study. Figure 9d represents the UV-Transilluminator imaging result which was acquired
from the identical gel previously assessed with the Bio-Rad device. We found similar results with
the UV-Transilluminator images captured with a camera phone. These findings were consistent
between both imaging devices. Ultimately, the samples incubated at longer time points became
more intense when exposed to solutions during aging.
The fluctuation of fluorescence intensities may be attributed to several factors. We
interpreted the primary influencers for these results could be quantum confinement effect due to a
size reduction (Haranath, Sahai, Joshi, Gupta, & Shanker, 2009; Manzoor, Islam, Tabassam, &
Rahman, 2009), the dissolution and translocation of zinc ions due to quantum dot surface defects
from solution exposure (S. Monticone, 1998), or elevated charged molecular distribution of atoms
due to surface area to volume theories for nanomaterials (Medintz et al., 2005). As nanoparticles
decrease in size, the band gap distances increase and in turn increase their optical properties (Fu
et al., 2007) . The increased optical properties associated with nanoparticle size reductions were
interpreted as an increase in photon absorption and emission of the zero dimensional nanomaterial
which is remnant of quantum confinement theory (Fu et al., 2007; Manzoor et al., 2009). Due to
aging of Zinkicide in solution, a reduction of size was interpreted as a correlation to the overall
increase of intensity. Previous studies have shown that size reductions of nanoparticles in solution
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during aging can induce a blue shift of the materials emission spectra’s promoting quantum
confinement effects (Fu et al., 2007; Manzoor et al., 2009).
Another possibility for the intensity fluctuations of aged samples is the formation of surface
defects which may promote increases of fluorescence. ZnO nanoparticles exposed to solutions
over time are known to induce a dissolution of zinc ions (Hengzhong Zhang, 2010; Milani et al.,
2012; Mudunkotuwa, Rupasinghe, Wu, & Grassian, 2012; Odzak et al., 2017; Vogelsberger,
Schmidt, & Roelofs, 2008). The dissolution kinetics have been shown to produce increased
fluorescence in time dependent photoluminescence studies with ZnO nanoparticles (S. Monticone,
1998). There are three general factors that could contribute to dissolution of nanoparticles (i.)
surface chemistry effects, (ii.) external factors, (iii.) size and surface area effects (Misra et al.,
2012). These physiochemical factors independently or collectively can trigger dissolution of active
components in nanoparticles. Aging of Zinkicide in water has the capacity to expose surface
defects and create oxygen vacancies on the surface of the nanoparticles (Misra et al., 2012). During
this process, free zinc ions can translocate from interior of the nanoparticle to the outer extremities
of Zinkicide and produce an increased fluorescence intensity (S. Monticone, 1998).
Finally, the increase of intensity may be due to the size reduction of the nanoparticle in
solution, which has the capacity to accumulate greater surface charges via surface area to volume
effect (Misra et al., 2012). Similar to quantum confinement, a reduction of volume increases the
surface area of nanoparticles, pushing more atoms to the surface of the material (D. J. Norries,
1996). This could create a charge distribution of atoms to accumulate on the outer surface of
Zinkicide and could produce higher orders of fluorescence intensity.
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2.3.3 Tracking Molecular Weight Changes of Zinkicide
Zinkicide molecular weight changes were tracked using polyacrylamide gel
electrophoresis and UV imaging of gels loaded with Zinkicide nanoparticles dispersed in water
and citric acid buffer over time. We observed the overall molecular weight decrease of the
Zinkicide depends on solution pH (Figure 10, Figure 11, and Table 3). Our results expressed a
greater reduction of Zinkicide molecular weight in citric acid buffer compared to ddH2O. Zinkicide
incubated in citric acid buffer after 7 days equated to a molecular weight decrease of 12.23 %. The
samples incubated in water produced a molecular weight decrease of 4.18 % after 7 days. We
tracked these molecular weight changes as a percentage decrease because the native Zinkicide
molecular weights were found to exhibit molecular weights less than 10 kDa.
We interpreted the greater effect of molecular weight changes in citric acid buffer was due
to the acidic environments of the buffer solution which in turn induced greater degradation of the
nanoparticles over extended time intervals (Alias, Ismail, & Mohamad, 2010; Mudunkotuwa et al.,
2012; Vogelsberger et al., 2008). This degradation may be directly related to increase the
dissolution of the bactericidal nanoparticles (Penny S. Hale, 2005). It has been shown that the
dissolution rate of zinc oxide nanoparticles are directly proportional to the particles size and
surface area (David et al., 2012). Hence, smaller sized nanoparticles can increase the rate of ion
dissolution (J. H. Graham et al., 2016). The in vivo acidic environment in citrus fruits is within
range of the citric acid buffer environment (pH 3.0) used in our in vitro studies (Mudunkotuwa et
al., 2012; Paudel, Bar-Tal, Rotbart, Ephrath, & Cohen, 2018). These results are crucial for future
applications of Zinkicide for bactericidal crop management tactics. The molecular weight results
identified the notion that if the ZnO nanoparticle is indeed systemically delivered to the interior
compartment of crops, that the material would have the capacity to degrade readily at the fruit
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level of the crops and in fruit juices (Casida, 2017; J. H. Graham et al., 2016; Mudunkotuwa et al.,
2012; Vogelsberger et al., 2008). Tracking molecular weight changes of Zinkicide is important for
future commercial acceptance of the agricultural biocide. The design of aging Zinkicide in buffer
solutions with controlled pH is important for providing evidence that the material should be able
to safely degrade over time.
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Figure 6. HR-TEM bright field (BF) micrographs of Zinkicide samples. Ultra-small size ZnO
nanoparticles with overall particle diameter between 2.5 to 5 nm (courtesy of Ali Ozcan from Dr.
Santra’s group).
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Figure 7. Zinkicide detection and concentration measurements. (a) Representative twodimensional (2D) SDS-PAGE image of Zinkicide at varying concentrations in deionized water.
The image was acquired using UV gel imaging protocol with the Bio-Rad ChemiDoc XRS+
device. (b) 3D rendering of SDS-PAGE gel of Zinkicide nanoparticles is obtained through BioRad Image Lab software. The 3D image is identical to the 2D image. (c) Intensity versus
concentration plot of the bands depicted in the 2D and 3D images. The plot exhibits the decrease
of fluorescence intensity in accordance to decreases of Zinkicide concentrations. The loading and
imaging conditions of Zinkicide were conducted as follows; Lane1: 445ppm , Lane2: 890ppm ,
Lane3: 1,781ppm , Lane4: 3,562ppm , Lane5: 7,125ppm Lane6: 14,250ppm , Lane7: 28,500ppm.
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Figure 8. Zinkicide fluorescence controls on glass slides. (a) Zinkicide diluted to 1000 ppm in
water (top) and Zinkicide diluted to 1000 ppm in citric acid buffer (bottom) imaged with
ChemiDoc XRS+. (b) Zinkicide diluted to 1000 ppm in water (top) and Zinkicide diluted to 1000
ppm in citric acid buffer (bottom) imaged with UV-Transilluminator.
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Figure 9. Intensity tracking of Zinkicide. (a) Representative two-dimensional (2D) SDS-PAGE
image of Zinkicide diluted at 1000 ppm in ddH2O at varying time incubations. The image was
acquired using UV gel imaging protocol with the Bio-Rad ChemiDoc XRS+ device. (b) 3D
rendering of SDS-PAGE gel of Zinkicide nanoparticles is obtained through Bio-Rad Image Lab
software. The 3D image is identical to the 2D image. (c) Analysis plot of the gels loaded with
Zinkicide. The plot exhibits the averaged fluctuation of fluorescence intensity of Zinkicide samples
(all 1000 ppm) prepared under time intervals. (d) UV-Transilluminator image of the identical gel.
The images were captured using a smartphone camera. The loading and imaging conditions of
Zinkicide were conducted as follows; Lane1: 1000ppm (0-hour control) , Lane2: 1000ppm (10
day) , Lane3: 1000ppm (13 day) , Lane4: 1000ppm (14 day) , Lane5: 1000ppm (15 day) , Lane6:
1000ppm (16 day).
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Figure 10. Tracking molecular weight changes of Zinkicide over time. The nanoparticles were
incubated over time in pH dependent media, run with the SDS-PAGE protocol, imaged, and
quantified from SDS-PAGE molecular weight analysis. The plot is representative of normalized
data for Zinkicide nanoparticles diluted in water (black) and citric acid buffer pH 3.0 (red). Solid
lines represent best fits (exponential decay) of the data. Samples incubated in citric acid buffer
exhibited a greater reduction in molecular weight due to the acidic environment.
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Figure 11. Tracking molecular weight changes of Zinkicide over time. (a) SDS-PAGE image of
Zinkicide incubated in ddH2O. (b) SDS-PAGE image of Zinkicide incubated in citric acid buffer
pH 3.0. (c) Exponential decay plot of Zinkicide molecular weight change incubated in ddH2O. (d)
Exponential decay plot of Zinkicide molecular weight change incubated in citric acid buffer. The
loading and imaging conditions of Zinkicide were conducted as follows; Lane1: 1000ppm (0-hour
control) , Lane2: 1000ppm (24 hour) , Lane3: 1000ppm (72 hour) , Lane4: 1000ppm (96 hour) ,
Lane5: 1000ppm (120 hour) , Lane6: 1000ppm (168 hour).
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Table 1. Zinkicide detection and concentration measurements.
Lane

Concentration
(ppm)

Fluorescence
Intensity
(a.u.)

Relative
Concentration

1
2
3
4
5
6
7

445
890
1781
3562
7125
14250
28500

1.9 x 107
4.1 x 107
6.8 x 107
1.1 x 108
1.4 x 108
2.0 x 108
4.1 x 108

0.05
0.09
0.16
0.26
0.34
0.49
1
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Table 2. Intensity tracking of Zinkicide.

Lane

Sample

Average
Fluorescence
Intensity (a.u.)

1
2
3
4
5
6

Control
10 day
13 day
14 day
15 day
16 day

124549718
121674586
102426624
111929933
137553667
136546963
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Zinkicide
Concentration

1000 ppm

Table 3. Tracking molecular weight changes of Zinkicide over time.
Media
Time
0 hr
24 hr
72 hr
96 hr
120 hr
168 hr

ddH2O

Citric Acid Buffer

0%
-2.10%
-3.15%
-3.67%
-4.18%
-4.18%

0%
-3.61%
-6.61%
-9.61%
-10.99%
-12.23%
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CHAPTER THREE: OBSERVING THE EFFECTS OF NANOPARTICLES
ON ACTIN FILAMENT ASSEMBLY
3.1 Introduction
Actin is the most abundant and essential cytoskeleton protein in eukaryotic cells (Pollard,
Blanchoin, & Mullins, 2000). The protein polymerizes from globular actin (G-actin) into doublestranded helical filaments (F-actin) in the presence of ions in solution (Figure 12) (Pollard, 2016).
Actin filament assembly/disassembly dynamics are fundamental for many cellular processes such
as cell shape morphology, structural support, and cell movement (Pollard, 2007, 2016).
Understanding actin filament assembly dynamics at the molecular level is important for in
vitro studies which can relate to cellular processes and animal models. Actin assembly and
disassembly kinetics are crucial for maintaining the equilibrium between monomers and filament
in a variety of molecular processes (Kueh, Charras, Mitchison, & Brieher, 2008). Actin assemble
and disassemble naturally to promote cell motility at the leading edge of cells (Pollard, 2016). A
type of interaction that can lead to changes in actin filament lengths is when the protein encounters
toxins in its environment. For example, latrunculin is a toxin which has been reported to affect
actin filament stability and induce improper polymerization of filaments (Kueh et al., 2008).
Latrunculin has been reported to bind to monomeric G-actin and has the capacity to inhibit the
monomers to bind properly to the barbed end of actin filaments during polymerization cascades
(Lodish H, 2000). The effects of latrunculin could be remnant of a similar event when actin
filaments are interacting with other foreign invaders such as nanoparticles. Specifically, ZnO
nanoparticles have been shown to induce rearrangements and/or disruptions to cytoskeletal
proteins in cellular environments (Garcia-Hevia et al., 2016). The nanoparticles as a whole and/or
the zinc ions alone are predicted to dock on actin filaments and induce a shortening or destruction
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of the natural filament morphology and lengths (Misra et al., 2012). The comparison of cell studies
with molecular cytoskeleton studies are essential for providing information on the effects of
nanoparticles on filament assembly which is currently lacking in the scientific field.
Studies revolved around nanotoxicity coincide with cytoskeletal protein studies because
treatments of nanomaterials have been found to induce adverse effects on cytoskeletal networks
which comprise the architectures of cells and tissue (X. Q. Liu & Tang, 2017; Singh, 2019).
Traditional nanotoxicity studies implement cell culturing and fluorescent microscopy to assess the
impacts of nanomaterials on biological organisms (Pati et al., 2016). The observations of
cytoskeletal changes upon induction and treatment of nanomaterials are one of the primary
components for determining the rate and factors for cytotoxicity. Specifically, Garcia-Hevia, L.,
et al. conducted a recent study on the effects of ZnO nanoparticles on HaCat (immortalized human
keratinocytes) and HeLa (immortalized human cervical cancer cells) cell lines. Their results
expressed profound effects on the cell lines and cytoskeletal proteins within the cells following
time dependent treatments with nanoparticles (Garcia-Hevia et al., 2016). They found that
treatment of 100 ppm ZnO nanoparticles induced cytoskeletal abnormalities and eventually lead
to cell necrosis (Figure 5 and Figure 13) (Garcia-Hevia et al., 2016). They claimed that the
emergence of actin and macrotube bundling was triggered by excess intracellular Zn2+ ions
following endocytosis and dissolution of the ZnO nanoparticle in their study (Garcia-Hevia et al.,
2016). This study and several alike have provided evidence that ZnO nanoparticles have the ability
to create toxcity issues and should be monitored extensively at a cellular level.
To deepen the understanding of what occurs directly on actin filaments in the presence of
nanomaterials, molecular studies are considered optimal for further investigations of nanotoxicity.
Cell studies offer a broader outlook on of the effects of cytoskeletal proteins which comprise cells,
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however by narrowing in on molecular dynamics using instruments such as total internal reflection
(TIRF) microscopy researchers can delve into the molecular abnormailties which occur upon
treatment of nanomaterials with cytoskeletal proteins. The mechanical properties, assembly
kinetics, and morphological changes of actin filaments have been assessed extensively with
molecular studies (Blanchoin et al., 2014; Colin et al., 2016). The effect of zinc ions and ZnO
nanoparticles in conjunction with the biomechanics involved with actin at a molecular scale have
minimally been investigated.
In this study, we have investigated how reagent grade NAC-ZnO nanoparticles affect actin
filament assembly dynamics and assembly. We hypothesize that nanoparticle treatments could
interfere with actin assembly kinetics. These treatments may induce changes to the lengths of
filaments compared to untreated filaments. NAC-ZnO nanoparticles have the capacity to minimize
the generation of ROS in cells which is important for reducing cytotoxicity of cellular constructs
(Scherzad et al., 2017). Actin filaments were polymerized in vitro under physiological conditions
and treated with NAC-ZnO nanoparticles at varying concentrations and time intervals. The actin
samples were incubated with NAC-ZnO nanoparticles in time dependent studies, visualized using
TIRF microscopy, and analyzed filaments for average length.
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Figure 12. Actin monomers and filament structures. (a) Ribbon diagram for the actin molecule
which consists of four subdomains, the DNase loop (D-loop), and C : N terminuses. There is an
ATP binding cleft in the middle of the four subdomains which triggers the polymerization of actin
monomers into actin filaments. (b) Space filling 3D model of actin subunit with bound ATP. (c)
Cartoon of filamentous actin (F-actin), a double stranded helical filament (Pollard, 2016).
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Figure 13. Nano-ZnO leads to actin rearrangement in cells. Garcia-Hevia, L., et al., conducted this
time dependent study of HeLa cell lines treated with 100 µg/ml ZnO nanoparticles. The control 0hour untreated samples exhibited typically healthy cell appearances. Following 2-hour incubation
with the ZnO nanoparticles, the cells began to reorganize into tighter structures due to
morphological changes of the nuclear DNA (blue), microtubules (green), and actin filaments (red).
After 5 hours of treatment, the cells were severely disturbed and tight bundling of the microtubule
and actin filaments were observed (Garcia-Hevia et al., 2016).
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3.2 Materials and Methods
3.2.1 Protein and Nanoparticle Sample Preparation
Actin protein was isolated from rabbit skeletal muscle acetone powder, gel filtered over
Sephacryl S-300 equilibrated in buffer A (0.2mM CaCl2, 1mM NaN3, 2mM Tris-HCl pH 8.0,
0.2mM ATP, 0.5mM DTT) as described (Kang et al., 2012). Rhodamine labeled rabbit muscle
actin (>99% purity) was purchased from Cytoskeleton, Inc. (Denver, CO) (Kang et al., 2012).
Rhodamine labelled G-actin was reconstituted with Buffer A (50 µL) to a stock
concentration of 9.6 µM. The desired final concentration of actin was 8.2 µM. Cation exchange
was performed on calcium bound fluorescently labelled G-actin with the addition of 18.2 µM
MgCl2 and 0.2 mM EGTA which supplemented the conversion of calcium bound G-actin to
magnesium bound G-actin. The Mg2+-G-actin was placed on ice for 5 minutes to complete the
cation exchange reaction. The polymerization of rhodamine labeled G-actin to F-actin was induced
by the addition of 1/10th volume of 10X polymerization buffer (10 mM ATP, 10 mM DTT, 100
mM imidazole pH 7.0, 500 mM KCl, 20 mM MgCl2). The reaction polymerized at room
temperature for 1 hour (Castaneda et al., 2018).
The NAC-ZnO nanoparticles were synthesized and provided by Ali Ozcan from the Santra
Group. F-actin (8.3 µM) and NAC-ZnO nanoparticles (2000 ppm) were diluted and incubated in
1X polymerization buffer for 5 minutes, 10 minutes, 15 minutes, and 30 minutes. The final
concentrations after the dilutions were 1 µM F-actin, 50 ppm and 10 ppm of NAC-ZnO
nanoparticles.
3.2.2 TIRF Microscopy Imaging of Actin Filaments
Fluorescent microscopy is a powerful tool for observing cytoskeletal proteins in vitro. Total
internal reflection fluorescence (TIRF) microscopy is considered optimal for visualizing
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cytoskeletal filaments with high signal to noise ratio. The microscope setup is designed as an
inverted microscope which can create an evanescent wave upon manipulations with the laser
critical angles directed into the objective (Figure 14). The generation of the evanescent wave
allows the illumination of the sample to be optimized by minimizing autofluorescence of the
sample (Fish, 2009). The minimized autofluorescence is sufficed by the evanescent wave only
illuminating fluorophores in close proximity to the basal membrane of the biological sample which
is highly beneficial for imaging and analysis of cytoskeletal proteins such as actin filaments
(Mattheyses, Simon, & Rappoport, 2010). The evanescent wave exhibits fluorescence exponential
decay rates which enables a penetration depth of ≈100 nm (Fish, 2009). This variation of
fluorescent microscopy increases overall resolution of the sample specifically during imaging of
specific cytoskeletal networks such as actin filaments at the cellular or molecular scale.
Glass slides were washed in glass cuvettes with two rounds of absolute ethanol and one
round of ddH2O under sonication bath for 30-minute intervals for each round. The slides were
coated with 0.1 µM KOH in the glass cuvettes for 1 hour. The slides were rinsed with ddH2O after
KOH coating and air dried with nitrogen gas. The glass coverslips were coated with 1% poly-Llysine for 1 hour, rinsed with ddH2O, and air dried with nitrogen gas.
Rhodamine-labelled actin filaments were immobilized on microscope slides by coating
cover slips with 1% poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA). Untreated 1µM F-actin
was diluted to with imaging buffer (1X KMI buffer with 0.015 M glucose, 1 mg/ml catalase, 0.2
mg/ml glucose oxidase, 1mM DTT, 1 mM ATP, and ddH2O) and 1 µL of sample was placed on a
coverslip. The treated samples were diluted with imaging buffer and 1 µL of sample was placed
on coverslips for the separate time conditions. The actin filament images were acquired using a
Nikon Eclipse Ti TIRF microscope equipped with a Hamamatsu Image EM X2 CCD camera, a
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100X oil immersion objective and Nikon LU-N4 laser with 561 nm wavelength. This setup
allowed the investigators to use the microscope for laser tuned total internal reflection of the actin
filaments (Castaneda et al., 2018).
3.2.3 Actin Filament Length Analysis
Actin filament length analysis was performed using Fiji, Persistence (J. S. Graham et al.,
2014), and Origin Pro 8.5 software. Following acquisition of TIRF images, the images were
processed using Fiji software to optimize the imaged filaments for analysis in Persistence program.
The images were adjusted by implementing background subtraction, enhanced contrast, color
gamut threshold manipulation, and skeletonization via binary tools in Fiji. The stacked grey scale
images and skeletonized images were uploaded into the Persistence program where the pixel size
was inputted at 0.16 µm/pixel (J. S. Graham et al., 2014). The average filament lengths were
measured using the persistence software by selecting filaments ends which were calculated for
filament lengths based on MATLAB protocols. The average filament lengths were recorded and
plotted using Origin Pro 8.5 software where the recorded bending mode analysis from Persistence
was loaded into the Origin software. The average length, the sum of the filaments, and the relative
frequency of the segment length were recorded and plotted using Origin Pro software. The
statistical significance for average filament lengths was analyzed using Origin Pro software using
the Scheffe’ Test with One-Way analysis of variation (ANOVA). The probability (p-value) of
variation between the samples were used to determine statistical significance of conditions in
comparison to control. Probability values of p < 0.05 were considered statistically significant.
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Figure 14. Total Internal Reflection Fluorescence (TIRF) Microscopy. This schematic represents
the setup of a TIRF microscope used in our study. The microscope is an inverted microscope and
the cover slip faces down towards the CCD detector. A selected laser source excites the sample by
reflecting of mirrored filters in the device and the laser is adjusted to induce a critical angle for the
light excitation and emission on the sample. The critical angle adjustment produces an evanescent
wave field which illuminates fluorophores close to the basal membrane of the sample and reduces
autofluorescence of the sample. The penetration depth of a TIRF microscope is ≈100 nm.
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3.3 Results and Discussion
3.3.1 Observing the Effects of ZnO Nanoparticles on Actin Filaments with Total Internal
Fluorescence (TIRF) Microscopy
Observations of nanoparticles interactions with biological systems are important for
providing insight for the events that occur when nanomaterials invade biological organisms. The
evaluation of the effects of NAC-ZnO nanoparticles on actin filament assembly and disassembly
was investigated using TIRF microscopy imaging and analysis. This study examined the effect of
NAC-ZnO nanoparticles effects on in vitro polymerized actin filaments. The experiment was
performed with varied dose and time dependent conditions of NAC-ZnO nanoparticles on constant
concentrations of actin filaments. 1 µM actin was polymerized in vitro and treated with NAC-ZnO
nanoparticles at 50 ppm and 10 ppm in separate trials. The samples were incubated for 5 minutes,
10 minutes, 15 minutes, and 30 minutes prior to imaging the effect of F-actin morphological
changes in the presence of the zinc oxide nanoparticles. The results were compared to F-actin
control samples at 1 µM concentration without the treatment of the nanoparticles (Figure 15). The
samples were imaged using TIRF microscopy which was used for capturing the filament lengths
of F-actin following nanoparticle treatments (Figure 15). The average filament lengths of the
nanoparticle treated actin samples were compared to the average lengths of control filaments and
plotted against each other for comparison of the time and dose dependencies (Figure 16). The
frequency rates of actin filament lengths provided data for the sample populations at varied
conditions (Figure 17 and Figure 18).
The treated filaments produced statistically significant reductions in average filament
lengths in comparison to the untreated filaments. After 5 minutes, there was an observed decrease
of F-actin average lengths between both nanoparticle concentrations which exhibited an average
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filament length of 3-5 µm. The greatest reduction in filament lengths were recorded for both
concentrations at 30-minute incubation intervals. The changes of filament length were quite
consistent between the two concentrations of the nanoparticles. The shortening of actin filaments
in the presence of zinc oxide nanoparticles was determined to have occurred from surface binding
interactions of the nanoparticles on actin filaments and the dissolution of zinc ions in the reaction
(Garcia-Hevia et al., 2016; J. Liu et al., 2016; Singh, 2019) (Figure 15 and Figure 16). These
results suggest that NAC-ZnO nanoparticles have the ability to morphologically induce shortened
actin filaments. These interactions with the ZnO nanoparticles with actin filaments may have
disrupted the protein’s assembly and/or disassembly mechanics.
3.3.2 Potential Mechanisms of Actin Filament Disassembly by NAC-ZnO Nanoparticles
Cell studies are considered inconclusive for providing total insight for cytoskeleton
observations at the molecular scale (Ispanixtlahuatl-Meráz, Schins, & Chirino, 2018). The effect
of nanoparticles on cytoskeletal networks are fundamental for developing protocols and
methodologies for nanotoxicity studies (Panariti et al., 2012). Currently, there is no standard
protocol for assessing nanotoxicity and experimentation with cytoskeleton proteins are important
for the development of modern nano-biological studies (Ispanixtlahuatl-Meráz et al., 2018). The
binding interactions of nanoparticles to biological materials are variable depending on the size,
charge, chemical makeup, and shape of the nanoparticle (Albanese, Tang, & Chan, 2012).
Specifically, for cell studies, different cell lines have unique interactions with nanomaterials and
these interactions can produce highly varied results (Ispanixtlahuatl-Meráz et al., 2018). By
narrowing in on molecular studies, investigators can gain a great deal of applicable knowledge on
the extent of nanotoxicity which could lead to cytoskeletal disturbances and even human illness
and disease (Pati et al., 2016). Studies have shown that ZnO nanoparticles can induce several
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cellular repercussions such as the generation of reactive oxygen species (ROS), inducing
apoptosis, faulty proton pump efficacy, and abnormalities to cytoskeletal proteins such as actin
(Wu et al., 2013). The binding and docking of nanoparticles to biological systems can occur in
three separate primary processes (i.) through disruption and blocking of the lipid bilayer between
extracellular and intracellular environments (cytotoxicity), (ii.) by reorganizing or disrupting
cytoskeletal networks intracellularly (cytoskeleton toxicity), (iii.) invasion of nanomaterials in the
nucleus of cells which can induce the generation of ROS and lead to apoptosis (genotoxicity)
(Panariti et al., 2012; Singh, 2019; Wu et al., 2013). The potential mechanisms of nano-ZnO
movement from the extracellular environment into cells intracellularly could lead to the dissolution
of zinc ions and induce cellular rearrangements and adverse effects (Figure 19). These events
occur when a nanoparticle is engulfed by a cell and is able to penetrate the cell membrane and
eventually travel to the intracellular compartments of cells (Panariti et al., 2012). The nanoparticles
can interact with the abundant cytoskeletal proteins in the intracellular environment of the cells
and can create a dissolution of the ZnO nanoparticles to zinc ions. The nanoparticles and ions could
be inducted into the nucleus of cells and generate reactive oxygen species in the nucleus (Figure
19). Ultimately, the combination of these cellular processes as a whole or singular molecular
process can lead to apoptosis and necrosis of cells (Pati et al., 2016).
The ZnO nanoparticles we used in our experimentation were coated with n-acetyl cysteine
(NAC) which was designed for a specific purpose. NAC is considered as a reactive oxygen species
(ROS) scavenger and has the ability to target free oxygen radicals during ROS generation in cells
(Shi et al., 2017). ZnO nanoparticles however are known to generate ROS during genotoxicity in
the nucleus of cells (Scherzad et al., 2017). By implementing NAC as a coating for the
nanoparticles, the uptake of the ZnO nanoparticle in cellular environments will inhibit formation
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of reactive oxygen species (Shi et al., 2017). NAC has also been found to counteract DNA damage
seen with cells encountering genotoxicity from ZnO nanoparticles. This is an exemplary condition
where the design and manipulation of nanoparticles can be fabricated with modularity to
complement the demands for future biocompatible engineered nanomaterials (Scherzad et al.,
2017).
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Figure 15. Representative TIRF images of filamentous actin following NAC-ZnO treatments. (a)
TIRF microscopy images of 1 µM F-actin control and 1 µM F-actin treated with 50 ppm NACZnO nanoparticles incubated in 1X KMI buffer for 5 minutes, 10 minutes, 15 minutes, and 30
minutes. (b) TIRF microscopy images of 1 µM F-actin control and 1 µM F-actin treated with 10
ppm NAC-ZnO nanoparticles incubated in 1X KMI buffer for 5 minutes, 10 minutes, 15 minutes,
and 30 minutes. Number of filaments (N = 170-652). Scale bars 10 µm.
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Figure 16. Average actin filament length reduction following treatment with NAC-ZnO
nanoparticles. (blue) Representative of F-actin treated with 50 ppm samples. (red) Representative
of F-actin treated with 10 ppm NAC-ZnO samples. Statistics conducted with One-Way ANOVA
Scheffe’ Test. Asterisks correspond to statistical significance. (ns) p > 0.05, (*) p ≤ 0.05, (**) p ≤
0.01, (***) p ≤ 0.001. Number of filaments (N = 170-652).
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Figure 17. Length distribution of actin filaments treated with 50 ppm NAC-ZnO nanoparticles.
The relative frequency of the actin samples treated with 50 ppm NAC-ZnO nanoparticles were
calculated by assessing the segment length distribution of the actin filaments. The plots were fit
with Log Normal fittings. Number of filaments (N = 191-652).
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Figure 18. Length distribution of actin filaments treated with 10 ppm NAC-ZnO nanoparticles.
The relative frequency of the actin samples treated with 10 ppm NAC-ZnO nanoparticles were
calculated by assessing the segment length distribution of the actin filaments. The plots were fit
with Log Normal fittings. Number of filaments (N = 170-515).
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Figure 19. Potential mechanisms of ZnO nanoparticle cytotoxicity. The ZnO nanoparticle can
enter the cell via the phospholipid bilayer and inductively alter the membranes integrity.
Intracellularly, the ZnO nanoparticles are subject to the dissolution of zinc ions and the
nanoparticles as a whole or the zinc ions can bind to cytoskeletal proteins such as actin filaments.
The ZnO nanoparticles and/or the zinc ions can travel to the nucleus of the cell and target DNA.
This targeting event can promote the generation of reactive oxygen species which could ultimately
lead to necrosis or apoptosis of the cell.
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CHAPTER FOUR: CONCLUSION
In chapter two, we have developed an approach to detect and track bactericidal
nanoparticles using SDS-PAGE. Zinkicide is a bactericidal nanoparticle designed for the treatment
of citrus greening. Providing quantitative metrics of Zinkicide in lab settings is important for the
acceptance and applications revolving commercial citrus crop management operations. We
quantified Zinkicide concentrations, intensity fluctuations, and molecular weight changes with the
bactericidal nanoparticles dispersed in aqueous solutions using SDS-PAGE imaging and analysis.
The time dependent fluorescence intensity and relative molecular weight changes were determined
to coincide with the surface area to volume ratio, dissolution kinetics, and quantum size effects for
ZnO nanoparticles. Overall, we found that Zinkicide degraded over time in pH dependent
solutions. These findings are important for future biocide applications and laboratory analysis of
commercially available nanomaterials.
In chapter three, we assessed actin filament dynamics in the presence of ZnO nanoparticles
using TIRF microscopy imaging and biophysical analyses. We evaluated how ZnO nanoparticles
affect actin filament assembly and disassembly by measuring steady-state average filament lengths
and length distributions. Actin monomers were polymerized in vitro and treated with NAC-ZnO
nanoparticles at varying nanoparticle concentrations and incubation times. We directly visualized
the actin filaments with TIRF microscopy and observed the morphological changes of actin from
the incorporation of the nanoparticles with filament length analysis. The treatment of nanoparticles
induced shortening and disruption of the actin filaments. The reduction in filament lengths by ZnO
nanoparticles can be interpreted as an interference with actin’s stability. The nanoparticle induced
cytoskeleton rearrangements can be correlated as states of cytotoxicity.
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The collective efforts of these studies have bridged a knowledge gap about the interactions
between nanoparticles and biological systems. We believe that studying the effects of ZnO
nanoparticles with biological assays is fundamental for the acceptance of nanomaterials in future
scientific endeavors. Providing novel characterization and quantification tools for assessing
nanoparticles could be applied to other studies involving nanomaterials. The assessment of
molecular interactions and effects of nanoparticles on cytoskeletal proteins should be taken into
consideration during the manufacturing, applications, and use of nano derived products which
could trigger toxicity.
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